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Abstract 
Surface solar radiation at widespread locations decreased until the mid-1980s (global dimming), and 
increased after the decline (global brightening). Since the transition is seen under both cloudy and clear skies, the 
change in aerosols is one of the dominant contributors. The radiative effect of aerosols at the surface is 
approximately determined by optical thickness and single scattering albedo. Long-term variations of both optical 
thickness and single scattering albedo are necessary to evaluate the influences of aerosols on global dimming and 
brightening. We have developed the method to estimate optical thickness and single scattering albedo from direct 
and diffuse irradiances measured by ground-based broadband radiometers. In the estimation, Junge size 
distribution with a fixed shaping parameter is assumed. A scaling parameter of the size distribution and an 
imaginary part of the refractive index are optimized to direct and diffuse irradiances. Optical thickness and single 
scattering albedo are calculated from these optimized parameters. The method was validated with the sky 
radiometer retrievals. The estimated optical thickness and single scattering albedo at 500nm agreed well with the 
sky radiometer retrievals. The developed method was applied to hourly accumulated direct and diffuse irradiances 
under clear skies from 1975 to 2008 at Tsukuba, Japan. Optical thickness increased until the mid-1980s, then 
decreased until the late 1990s, and was almost constant in the 2000s. Single scattering albedo was about 0.8 until 
the late 1980s, then increased, and was about 0.9 since the mid-1990s. The surface solar radiation calculated from 
estimated optical properties indicated clear dimming and brightening. The magnitude of the brightening was 
12.7Wm-2, of this, 8.3Wm-2 was due to a decrease in optical thickness, and the remaining 4.4Wm-2 was due to an 
increase of single scattering albedo.  
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1. Introduction 
Surface solar radiation at widespread locations decreased 
until the mid-1980s (global dimming), and then increased 
(global brightening). Since the transition is seen under both 
the clear and cloudy sky conditions, the change in aerosol 
optical properties is one of the dominant contributors. The 
radiative effect of aerosols at the surface is approximately 
determined by optical thickness and single scattering. 
Long-term variations of both optical thickness and single 
scattering albedo are necessary to evaluate the influences of 
aerosols on the global dimming and brightening. 
The aerosol turbidity coefficient has been obtained from 
the broadband pyrheliometer, but single scattering albedo 
has not been obtained. In this study, we developed the 
method to estimate both optical thickness and single 
scattering albedo from broadband pyrheliometer and 
pyranometer. Using this method, the variations of optical 
thickness and single scattering albedo from 1975 to 2008 at 
Tsukuba, Japan were evaluated. Furthermore, the influences 
of them on the surface solar radiation were investigated. 
 
2. Methods 
Estimation of optical thickness and single scattering 
albedo are based on the parameter optimization to the 
measurements (broadband direct and diffuse irradiances). 
This method requires the forward calculation of the direct 
and diffuse irradiances at the surface from the aerosol 
parameters. The real part of the refractive index of aerosols 
is fixed at 1.52, and the imaginary part is estimated. The size 
distribution is assumed to be a Junge distribution, which is 
consist of a scaling parameter and a shaping parameter. The 
shaping parameter is related to Angströme exponent, which 
is usually obtained from the sunphotometer measurements, 
but it does be obtained from the broadband pyrheliometer. 
Therefore, the shaping constant is fixed at 3.3, which is a 
normal value of the continent-urban origins. Two parameters 
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are optimized to the direct and diffuse irradiances by the 
Gauss-Newton method. 
The developed method was validated with the sky 
radiometer retrievals. The annual means of optical thickness 
and single scattering albedo at 500nm in 2007 were 0.19±
0.08 and 0.93±0.05 for sky radiometer, and 0.18±0.08 and 
0.92±0.05 for broadband radiometers (Figure 1). Our 
estimated optical thickness and single scattering albedo 
agreed well with the sky radiometer retrievals. 
 
3. Results 
Our developed method was applied to the measurements 
under the clear sky conditions from 1975 to 2008 at Tsukuba, 
Japan (Figure 2). The optical thickness increased until the 
mid-1980s, then decreased until the late 1980s, and was 
almost constant in the 2000s. The single scattering albedo 
was about 0.8 until the late 1980s, then increased, and was 
almost 0.9 since the mid-1990s. 
Using the estimated optical properties, the surface solar 
radiation under the clear sky conditions from 1975 to 2008 
were calculated (F1 in Figure 3). The surface solar radiation 
under the clear sky conditions indicated more apparent 
dimming and brightening changes than the surface solar 
radiation measured under the cloudy sky conditions (F2). 
Therefore, the dimming and brightening at Tsukuba may be 
due to the changes in aerosol optical properties, not clouds. 
To evaluate only the influence of optical thickness on the 
surface solar radiation, the surface irradiances (F1’) were 
calculated with an average of the imaginary part of the 
refractive index in 1975-2008. The increase of F1 was about 
12.7 Wm-2 from 1980-1985 to 1995-2000, of this, 8.3 Wm-2 
was due to a decrease of optical thickness. The influence of 
single scattering albedo was defined by the differences 
between F1-F1’ and was about 4.4 Wm-2. The brightening 
under the clear sky conditions was due to both optical 
thickness and single scattering albedo. 
 
4. Summary 
The method to estimate aerosol optical thickness and 
single scattering albedo from the broadband direct and 
diffuse irradiances was developed, and was applied the 
measurements under the clear sky conditions at Tsukuba 
from 1975 to 2008. Optical thickness increased until the 
mid-1980s, then decreased until the late 1990s, and was 
almost constant in the 2000s. Single scattering albedo was 
low value until the late 1990s, then increased, and was 
almost constant in the 2000s. The surface solar radiation 
under the clear sky conditions calculated from the estimated 
optical properties indicated more apparent dimming and 
brightening than under the cloudy conditions. The 
magnitude of the brightening was 12.7 Wm-2, of this, 8.3 
Wm-2 was due to a decrease of optical thickness, and the 
remaining 4.4 Wm-2 was due to an increase of single 
scattering albedo. 
 
 
 
 
 
 
 
 
 
Fig. 1 Optical thickness (circles), single scattering albedo 
(squares), and asymmetry factor (triangles) estimated from a 
sky radiometer (filled) and broadband radiometers (open). 
 
 
 
 
 
 
 
 
 
Fig. 2 Estimated optical thickness (circles) and single 
scattering albedo (squares) from 1975 to 2008. Open 
symbols are daily means and closed symbols are annual 
means. 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Surface solar irradiances under the clear sky 
conditions calculated from estimated optical properties (F1), 
the irradiances measured under the cloudy sky conditions 
(F2), and the irradiances measured under the all sky 
conditions (F3). F1’ is the irradiances calculated with an 
average of the imaginary part of the refractive index. F0 is 
the irradiances calculated without aerosols. 
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